c Dissimilatory sulfate reduction is a microbial catabolic pathway that preferentially processes less massive sulfur isotopes relative to their heavier counterparts. This sulfur isotope fractionation is recorded in ancient sedimentary rocks and generally is considered to reflect a phenotypic response to environmental variations rather than to evolutionary adaptation. Modern sulfate-reducing microorganisms isolated from similar environments can exhibit a wide range of sulfur isotope fractionations, suggesting that adaptive processes influence the sulfur isotope phenotype. To date, the relationship between evolutionary adaptation and isotopic phenotypes has not been explored. We addressed this by studying the covariation of fitness, sulfur isotope fractionation, and growth characteristics in Desulfovibrio vulgaris Hildenborough in a microbial evolution experiment. After 560 generations, the mean fitness of the evolved lineages relative to the starting isogenic population had increased by ϳ17%. After 927 generations, the mean fitness relative to the initial ancestral population had increased by ϳ20%. Growth rate in exponential phase increased during the course of the experiment, suggesting that this was a primary influence behind the fitness increases. Consistent changes were observed within different selection intervals between fractionation and fitness. Fitness changes were associated with changes in exponential growth rate but changes in fractionation were not. Instead, they appeared to be a response to changes in the parameters that govern growth rate: yield and cell-specific sulfate respiration rate. We hypothesize that cell-specific sulfate respiration rate, in particular, provides a bridge that allows physiological controls on fractionation to cross over to the adaptive realm.
D
issimilatory sulfate reduction (DSR) is a microbial metabolism that consumes sulfate and utilizes this sulfur as a terminal electron acceptor, excreting sulfide. This process creates characteristic enrichments and depletions in the stable isotopes of sulfur that are preserved in sediments and sedimentary rocks as a legacy of the metabolic processing (1) . In this way, sulfur isotope fractionation can be thought of as a phenotypic trait of the specific microbes that perform DSR. When the rock record is examined like this, the S isotope phenotype has been interpreted to be continually present in ancient sediments back to at least Ϸ3.5 billion years ago (2) . However, the interpretation of S isotope fractionation as a phenotypic trait that can be preserved in ancient rocks opens up a basic question: does evolutionary adaptation influence the S isotope phenotype?
Evolution-driven modifications to lineages of sulfate reducers (3, 4) may be capable of influencing the isotope phenotype by modifying the relative processing rates within the DSR pathway. If growth and, in turn, the energy supplied by sulfate respiration influence survival, then the controls on sulfate uptake, the internal regulation of concentrations of metabolites, and the structure of enzymes involved in the sulfate-reducing pathway could be key selective targets that influence the isotope phenotype (5) . Previous work has emphasized exclusively physiological and environmental controls on the S isotope phenotype, including temperature, sulfate concentrations, and the nature and supply rate of the electron donor (1, (6) (7) (8) (9) (10) (11) (12) (13) (14) . Among these controls, cell-specific sulfate respiration rate (csSRR) has emerged as a sort of master variable that sets the physiological level of S isotope fractionation. However, large changes in fractionation are not always correlated with variations in csSRR or any environmental parameters (15) (16) (17) (18) .
This suggests that there is an evolutionary influence preserved in the S isotope fractionation expressed by extant sulfate-reducing microorganisms. For example, different strains of sulfate reducers metabolizing at similar, near-maximal rates can exhibit diverse S isotope fractionations (quantified as 34 ε values, which are equal to the difference in molar 34 S- 32 S ratios between sulfate and sulfide relative to the molar 34 S- 32 S ratio in sulfide) ( Fig. 1 ). Although environmental variation may be responsible for some of the fractionation diversity, genetic differences among these strains are likely to be influential as well. Genetic differences might reflect structural differences in the proteins responsible for sulfate respiration, for example, leading to variable fractionation by different isotope selectivity of individual enzymes (5) . In fact, given the ultimate control of intracellular metabolite concentrations on fractionation, the observed fractionation diversity could be due to any genetic differences that would produce different respiratory metabolite levels (5) . In this light, although environments have unquestionably changed throughout Earth history, the specific metabolic variant of DSR that was active in contemporaneous microorganisms also will influence the preserved S isotopic signature. Therefore, sulfur isotope variations in ancient rocks in part may be a fossil record of how the DSR metabolism has changed through time.
As a step toward addressing this possibility, we performed selection experiments that examined the response of the S isotope phenotype to evolutionary adaptation. Specifically, we examined one of the simplest cases possible, where replicate populations from a clonal ancestor are serially propagated in a well-defined environment (19) . Since respiration rate is a common factor underlying growth rate and fractionation, we thought such an experiment would produce common directional changes in fitness and fractionation. Pure cultures of a sulfate-reducing bacterium were propagated through daily serial transfer in batch cultures, maintaining constant environmental challenges to growth for Ϸ1,000 generations. Since evolutionary adaptation typically occurs in a hyperbolically decreasing manner (19) , major enhancements in the ability of an organism to directly outcompete its ancestors (i.e., fitness, which is the primary indicator of evolutionary adaptation) occur early on, within experimentally obtainable time frames of hundreds of generations. In the same environment as the adaptive evolution experiment, the populations were monitored for changes in fitness, 34 ε, exponential growth rate, cell-specific respiration rate, and cell yield. By archiving the sample populations, these experiments produced a short but complete span of evolutionary history, where selective pressures were tightly controlled and the impact of evolutionary adaptation on the S isotope phenotype could be directly compared between ancestral populations and evolved lineages.
MATERIALS AND METHODS
Choice of model organism. We used a wild-type sulfate-reducing deltaproteobacterium, Desulfovibrio vulgaris Hildenborough (DVH), in our study. DVH has a sequenced genome (20) and is commonly used as a model organism to investigate the evolutionary, physiological, enzymatic, genetic, and growth characteristics of sulfate-reducing bacteria (20) (21) (22) (23) (24) (25) . Importantly, experiments have shown that populations of DVH can express a wide range of S isotope fractionations that vary predictably with the rate of sulfate respiration (8, 10, 11, 26) . This plasticity in the S isotope phenotype provides a well-defined framework against which to compare any adaptive effects on S isotope fractionation.
Design of microbial evolution experiment. The evolution experiments were designed to select for increased growth rate in a simple and reproducible manner rather than to investigate selective responses to novel environmental, physiological, or genetic challenges. Twelve replicate lines of DVH were serially propagated in batch culture in a chemically defined growth medium optimized for DVH (Fig. 2) . Most of the cell divisions in this experimental setup occur during a scramble for resources (27, 28) . This type of serial selection experiment in batch culture has been shown to lead to changes in fitness as well as net growth rate (19, 25) . Six of the lines were taken from an isogenic wild-type population, whereas six were taken from a reference mutant strain (DVU0600; http://www .microbesonline.org/) constructed from the wild-type DVH. The mutant strain contains unique oligonucleotides (a barcode) flanking an antibiotic 
FIG 1
34 ε values from pure cultures of sulfate-reducing microbes with metabolic rates in a range similar to that of this study (50 to 125 fmol cell Ϫ1 day Ϫ1 ). Larger data sets are displayed as boxplots, whereas smaller data sets are displayed as individual points. Data labeled with a superscript letter are from the following references: a, reference 13; b, reference 8; c, reference 12; d, reference 15; e, reference 16; f, reference 9.
resistance cassette for kanamycin that replaced a gene encoding putative lactate dehydrogenase. This genetic manipulation was neutral with respect to the fitness of the mutant strain relative to the wild-type lines (Table 1) . We refer to lineages arising from the wild-type ancestral population as DVH-wt and those arising from the mutant ancestral population as DVH-mut.
Every 24 h, each of the replicate lines was propagated in batch culture by inoculating 0.6 ml of the previous culture into 10 ml of fresh, defined medium in 20-ml serum bottles capped with blue butyl rubber stoppers (Fig. 2) . The headspace was 100% N 2 gas (99.995% purity). Cultures were incubated at 33°C and shaken at 110 rpm. Subculturing was alternated between wild-type and mutant lineages, because cross-contamination between DVH-wt and DVH-mut can be monitored (described below). Approximately every 10th transfer, the 12 replicate lines were preserved in a glycerol stock solution at Ϫ80°C to obtain a fossil record of the evolution experiment (Fig. 2) . These frozen stocks were revived at later times for isotopic, growth, and fitness measurements. All inoculations, sampling, and transfers were performed under strictly anaerobic conditions. Growth media. All experiments were performed in a Tris-buffered chemically defined medium (MOLS4) that consists of 30 mM sodium sulfate, 60 mM sodium lactate, 8 mM MgCl 2 , 20 mM NH 4 Cl, 2 mM K 2 HPO 4 -NaH 2 PO 4 , 30 mM Tris-HCl, as well as solutions of trace elements, Thauer's vitamins, and rezasurin as an oxygen indicator (29) . The pH was adjusted to 7.2 with hydrochloric acid. For the solid medium, 1.5% (wt/vol) agar was added. For the evolution experiments, 10 ml of MOLS4 was placed into 20-ml serum bottles, while 80 ml of MOLS4 was placed into 120-ml serum bottles for the fitness and isotope assays. Bottles were crimp sealed with butyl rubber stoppers, and the headspace was purged of oxygen by flushing with pure N 2 gas. After gassing, individual crimp-sealed medium bottles were sterilized in an autoclave. Except for the culture volume, all our experiments (including evolution experiments and individual assays of growth and fitness) were performed in exactly the same medium under the same environmental conditions. Because sulfur isotope fractionation has a strong physiological control (5, 30), we consistently used the same culture configurations to isolate changes in phenotypic characteristics that were associated with the adaptive process.
Contamination checks. We performed two types of contamination checks. The first tracked potential cross-contamination between different selection lines, and the second looked for contamination by foreign microbes. Subculturing was alternated between wild-type and mutant lines
Desulfovibrio vulgaris
Hildenborough (wild-type)
Evolved lineages during the evolution experiment. As a result, cross-contamination was more likely to occur between DVH-wt and DVH-mut lines than between DVH-wt lines. In order to determine if such cross-contamination occurred, samples of the wild-type cultures were screened for growth on plates made with an antibiotic (400 g G418 antibiotic per ml of MOLS4 medium) that selects for the kanamycin cassette defining the DVH-mut. These contamination checks were performed approximately every 100 generations and were always negative. We also PCR amplified and sequenced the 16S rRNA gene in order to check that the cultivated lineages were composed of DVH. A detailed procedure is available in the supplemental material. In all 12 evolved lineages and the ancestor, the 16S sequences were identical matches to the 16S rRNA gene from the DVH reference genome (20) . We interpret this similarity to show that exogenous strains with higher fitness did not take over any of the populations of the evolution experiment.
Fitness assay. We quantified the fitness of the evolved populations by direct competition experiments with ancestral populations (Fig. 2) . Direct competition experiments between two strains account for environmental or demographic variations that may not be detectable when measuring culture growth independently. Detailed procedures are available in the supplemental material.
Cultures maintained at Ϫ80°C were thawed and inoculated into MOLS4. Growing cultures were transferred three times at 24-h intervals prior to performing the fitness assay. Fitness was assayed while serially transferring mixed cultures of wild-type lineages with the ancestral reference mutant over Ϸ50 generations. Cultures were inoculated with equal numbers of exponentially growing cells of each strain. At each transfer, we tracked the relative frequency of the genetic barcode of the reference mutant relative to that of a gene shared by both strains (dsrA; see the supplemental material) with real-time PCR (RT-PCR). Since the evolved lineages ended up having higher fitness than the ancestral population, this technique was able to monitor only the fitness of the evolved wild-type strains. A similar method has been used for monitoring the fitness of RNA viruses (31) and for quantifying the relative survival of algae under predation by a rotifer (32) . We compared the fitness of the experimental lineages over two selection intervals. The first selection interval lasted from the start of the experiment (i.e., with the ancestral population at generation 0) to generation 560. The second interval spanned from generation 560 to generation 927. Fitness measurements were made on six biological replicates at generation 0 and three biological replicates for each of the six lineages at generations 560 and 927.
Characterization of sulfur isotope fractionation. We measured S isotope fractionation by ancestral DVH wild-type and mutant populations six times each (Fig. 2) . We also measured fractionation of each evolved population over the same intervals at which fitness was assayed (560 and 927 generations). A detailed methodology is available in the supplemental material. Cultures used for sulfur isotope fractionation measurements were grown in the same way as cells prepared for fitness assays (described above). At the start of the assay, 5 ml of a mid-exponential-phase culture (optical density at 600 nm [OD 600 ] of ϳ0.2) was inoculated into gassed and sterile assay bottles containing 80 ml of MOLS4 and a magnetic stir bar. The assay bottles were vigorously stirred while simultaneously being purged with pure N 2 gas for 2 to 3 h to remove any sulfide that was carried over with the inoculum. Repeated tests showed that the sulfide blank in the assay medium after purging was Ͻ5 ppm. Immediately after purging, we took a sample (labeled T 0 , for time zero corresponding to the start of the incubation) to characterize the initial S isotope composition of the sulfate (and sulfide; described above) in the medium. Assay cultures were incubated at 33°C and shaken at 110 rpm. We halted cell growth and sulfate respiration by adding 10 ml of an acidic 4% (wt/vol) zinc acetate solution once enough sulfide was produced for a reliable isotope measurement, typically when Ͻ10% of the initial sulfate had been consumed (Table 2 ). This also preserved the sulfide that had been produced since T 0 as ZnS. This sample (labeled T 1 ) provided the S isotope composition of the product sulfide as well as the residual sulfate. The 34 S-32 S and 33 S-32 S ratios of sulfate at T 0 and T 1 , and that of sulfide at T 1 , provided six data points that could be used to constrain the three parameters determining S isotope fractionation under the assay conditions, as well as their measurement uncertainty (see the supplemental material). These are the fraction of sulfate left unconsumed during the assay (f), the intrinsic discrimination of 34 Natural variation in 34 S-32 S fractionations is small, leading to 34 ε values that are always close to 0. In order to highlight this variation, which is significant given the precision and accuracy with which it can be measured, 34 ε values are multiplied by a factor of 1,000 and expressed as parts per thousand (‰).
Measurement of exponential growth characteristics. Exponential growth characteristics and S isotope fractionation share strong physiological controls through the common influence of cell-specific sulfate reduction rate. This necessitates that exponential growth characteristics are determined during the same experimental assay as fractionation. As a result, our exponential growth characteristics are based on only two sampling points, because we could not repeatedly sample the growing cultures without violating isotopic mass balance and producing erroneous estimates of S isotope fractionation.
Specific growth rates (k in day Ϫ1 ) of exponentially growing cells were calculated as
where T 0 is the time of the initiation of the experiment (in days), T 1 is the first sampling time (in days), and C 0 and C 1 are the cell concentrations (in cells ml Ϫ1 ) at these times. We estimated cell concentrations by measuring the optical density of an actively growing culture at 600 nm. Each OD measurement was performed in triplicate. The OD measurements were converted to cell concentrations via a single constant conversion factor (11.4 ϫ 10 8 ) obtained by counting individual cells in dilute, 4=,6-diamidino-2-phenylindole (DAPI)-stained aliquots of actively growing ancestral and evolved lines with an epifluorescence microscope. Our cell concentrations were comparable to previously published estimates of exponentially growing DVH under identical growth conditions (34) . Analytical uncertainty estimates on growth rate were propagated from the uncertainty on measurements of OD (see Table S1 in the supplemental material). In order to confirm that the growth rates calculated from this method were indeed increases in exponential growth rate rather than decreases in the lag phase, we developed a real-time growth curve assay that used a home-built optical density logger (35) in order to monitor population growth. Details of the logger and the procedure are available in the supplemental material.
Determinations of yield (Y; in 10 6 cells per mol SO 4 2Ϫ consumed) and cell-specific sulfate reduction rate (csSRR; in fmol SO 4 2Ϫ consumed per cell per day) were based on concentrations of hydrogen sulfide produced by exponentially growing cultures. Concentrations were measured with a commercial sulfide kit based on a colorimetric method (63) . Absorbance was measured on a Genesys 10S UV-visible spectrophotometer at 670 nm. The spectrophotometer was calibrated with mixed standards of dissolved sodium sulfide and zinc chloride that were reproducible to Ϯ0.1 mM. 
RESULTS AND DISCUSSION
Fitness trajectories reflect an optimization regimen of evolutionary adaptation. The mean fitness of the DVH wild-type ancestor relative to the mutant reference strain was 1.002 Ϯ 0.003 (uncertainty is reported as the sample standard deviation unless otherwise noted; n ϭ 12) (Fig. 3A and Table 1 ), justifying our use of the mutant ancestor as a reference strain and attesting to the precision and reliability of estimating fitness with the RT-PCR assay developed here. With this assay, the DVH-wt lineages showed fitness increases over the first 560 generations that were between 14.8% and 18.5%. This corresponds to a mean fitness increase across these lines of 17.2% Ϯ 1.2% over the first selection interval, which is an average change in mean fitness of 0.031% Ϯ 0.002% per generation ( Fig. 3A and Table 1 ). Between generation 560 and generation 927, the fitness of individual lineages increased between 2.0% and 3.6% relative to the fitness at generation 560, with a mean fitness increase across lineages of 2.4% Ϯ 1.3%. The average change in mean fitness for this selection interval is 0.007% Ϯ 0.004% per generation, which shows that the rate of increase in mean fitness decreased as the experiment progressed (Fig. 3) . We interpret the competition experiments as evidence for a difference in the mean fitness of the ancestral and evolved populations at generation 560 as well as of the evolved populations at generation 560 and generation 927. To examine whether the lineages had adapted during the course of the evolution experiment, we first constructed a simple two-way analysis of variance (ANOVA) between fitness across lineages and generations (see Table S2 in the supplemental material). There was a significant effect of generation on fitness (F 2,30 ϭ 1,649.6; P Ͻ 0.01) and lineage on fitness (F 5,30 ϭ 7.4; P Ͻ 0.01). Interaction between generation and lineage was significant (F 10,30 ϭ 2.2; P Ͻ 0.05), suggesting that while fitness changes were strongly impacted by the passage of generations, the magnitude of fitness changes was lineage specific. A repeated-measures ANOVA supports this result. Such an approach accounts for the fact that the generation factor is nested within subjects and is used here because the response of fitness through time appears nonlinear (36) . The repeated-measures approach reveals a highly significant effect of generation on fitness; all lineages are significantly affected by generation (F 2,10 ϭ 637; P Ͻ 0.01), suggesting that in all cases fitness was increasing across lineages as the evolution experiment progressed.
In order to simply understand the effect of lineage on fitness, we discuss each generation individually, because generation 0 has the special distinction of being the common ancestor of all lineages, as illustrated in a single-factor ANOVA of generation 0, where the measured fitnesses are not significantly different (F 5,12 ϭ 2.0; P ϭ 0.14). In single-factor ANOVAs of generations 560 and 927, however, lineage significantly affects fitness (F 5,12 ϭ 5.0 [P ϭ 0.01] and F 5,12 ϭ 4.9 [P ϭ 0.01], respectively). While all lineages are evolving in the same direction in terms of fitness, apparently the fitness increases for each lineage are not set on the same predetermined course. This inference also is clear graphically from plots of the difference in fitness for each lineage from the start to the end of a selection interval (paired fitness differ- ences) against the average fitness for the lineage over that interval (Fig. 3B) .
The fitness dynamics of the DVH-wt lines resemble those seen in other serial transfer experiments with microbial populations over similar time scales. For example, rates of mean fitness changes measured in evolving glucose-limited populations of the gammaproteobacterium Escherichia coli increased quickly over the first 600 generations (approximately 0.0375% per generation) but then decreased to approximately 0.008% per generation over the next 400 generations (19) . Similarly, in selection experiments with the methylotrophic alphaproteobacterium Methylobacterium extorquens AM1, growing on a single-carbon substrate, mean fitness increased at a rate of 0.054% per generation over the initial 300 generations of growth and decreased to 0.009% per generation between generations 900 and 1,500 (37) . In five hundred generations of evolution on nutrient-rich medium, 640 separate lines of the model eukaryotic microbe Saccharomyces cerevisiae exhibited a mean fitness that increased at a rate of 0.013% per generation (38) . With a wide range of microorganisms and in a variety of selective environments, it seems that experimental evolutionary adaptation produces a common pattern of generally decreasing rates of fitness increase, often with strikingly similar magnitudes in the deceleration of the actual rates. This behavior is characteristic of adaptive evolution in a regimen of optimization rather than innovation (28) . In this regimen, beneficial mutations tend to modify the extent, rather than the kind, of existing metabolic and genetic networks leading to, for example, changes in the levels of gene expression and magnitudes of metabolic fluxes (28) .
The overall fitness trajectories of the evolved DVH-wt lineages appear to be similar, but this does not necessarily translate into reproducibility of the underlying population or genetic dynamics in each lineage. It is possible that the close correlations in fitness among lineages at generations 560 and 927 (Fig. 3) are because high-fitness mutants that evolve in a defined environment tend to be phenotypically similar; thus, they might have accumulated similar beneficial mutations (39) . However, fitness responses of decreasing sensitivity can be a more general consequence of the hierarchal fixation of beneficial mutations (40) (41) (42) (43) , affecting the dynamics of ultimate mutation incorporation in individuals and populations (44) (45) (46) (47) (48) (49) . Clonal interference, for example, is a population-level process that leads to a decrease in overall adaptive rates because of the competition between multiple subpopulations, each with mutations of similar benefit (44) . Diminishingreturns epistasis, on the other hand, is an individual-level effect where mutations confer smaller fitness benefits in combination than they do individually, leading to deceleration of adaptation (50) . Both of these processes may play a role in setting the powerlaw trajectory of fitness, as adapting microbial populations sample a larger and larger number of mutations (51) . However, both apparently are underlain by an inherent unpredictability regarding which groups of beneficial mutations actually become fixed (38, 52) . Detailed examinations of whole genomes are required to determine whether the parallel fitness trajectories of the evolved DVH-wt lineages reflect these more stochastic events or the deterministic fixation of shared beneficial mutations. In either case, however, the patterns of fitness changes seen here indicate that the populations of DVH-wt genotypes at generations 560 and 927 are distinct from the original isogenic ancestral population and from each other.
Sulfur isotope fractionation changes consistently during evolutionary adaptation. Ancestral populations had 34 ε values between 5.14 and 10.06‰ and 33 values between 0.5044 and 0.5141 (Table 2 and Fig. 4A) . These values are consistent with previous characterizations of the S isotope phenotype of sulfatereducing microbes at high rates of respiration (8, 9, 13) . Ancestral populations of DVH-wt and DVH-mut were assayed six times each, and no significant differences were noted in the underlying distribution of 34 ε (P ϭ 0.17 for no difference in means via twosided Student's t test assuming equal variance; n ϭ 6) or 33 (P ϭ 0.23; n ϭ 6). The means of all 12 biological replicates of the ancestral 34 ε were 6.96‰ Ϯ 1.34‰, while those for 33 were 0.5077 Ϯ 0.0023 on average.
The range, means, and standard deviations of 34 ε and 33 values were similar among populations throughout the course of the adaptive evolution experiment (Table 2 and Fig. 4A ). At generation 560, 34 ε ranged from 5.90‰ to 10.08‰ across the DVH-wt and DVH-mut lines, with means of 8.06‰ Ϯ 1.38‰ (n ϭ 12) and an average 33 of 0.5105 Ϯ 0.0024. At generation 927, 34 ε ranged from 5.05‰ to 8.05‰ across the DVH-wt and DVH-mut lines, with means of 6.59‰ Ϯ 0.51‰ (n ϭ 12) and an average 33 of 0.5094 Ϯ 0.0013. At each sampling time, the variability in 33 values among populations was always similar to the magnitude of measurement uncertainty (see Fig. S1 in the supplemental material). Pure-culture experiments show that 33 and 34 ε positively covary during microbial sulfate reduction (8) (9) (10) (11) , because nearly thermodynamic isotope partitioning pins the large fractionation limits for 33 and 34 ε when respiration rates are low (5) . The slope of the 33 -34 ε correlation is shallow enough that minor 33 differences would result from the 34 ε variations measured here. Large changes in 33 appear to require alteration of the intrinsic fractionation associated with sulfate uptake (5) and, by inference, structural modification to the transporters that bring sulfate into the cytoplasm. Considering these points, we suggest that the limited variation observed in 33 is an expected consequence of the optimizing adaptive regimen investigated here.
The comparison of fitness and 34 ε was approached graphically by focusing on differences in 34 ε for each lineage from the start to the end of a selection interval (paired differences in 34 ε) (53). This was possible only for the DVH-wt lines. Our fitness assay relies on the ancestral DVH-mut as a reference strain and was not able to track increasing fitness in the DVH-mut lines. When paired differences in 34 ε are plotted against the paired average fitness value for the lineage over that interval (Fig. 4B) , S isotope fractionation appears to have changed consistently during evolutionary adap- tion. If 34 ε values at later generations were unrelated to those at earlier generations, the paired differences in 34 ε should be centered on 0 and show no systematic variation with selection interval. Instead, paired differences in 34 ε are mostly positive over the first selection interval and dominantly negative over the second (Fig. 4B) . These signals are robust, even in the face of the biological reproducibility of our 34 ε measurements, which was 5 to 10 times greater than the uncertainty with which we were able to assay the 34 ε associated with an individual population ( Table 2) . Although these phenotypic changes were consistent over each selection interval, their association with increasing fitness was not monotonic (Fig. 4B) . Selection is unlikely to act on the isotopic phenotype itself. Sulfur isotope exchange between sulfate and sulfide, the initial reactant and final product of sulfate respiration, reflects energy differences of ϳ0.1 kJ mol Ϫ1 , much less than the minimum free energy required to sustain anaerobic metabolisms (ϳ10 kJ mol Ϫ1 ) (54) . Increased variability in a phenotypic trait has been seen in microbial evolution experiments when that trait itself was not under direct selection (55) . This type of incidental response can arise from random variation in the initial lines used for a selection experiment (56) . This is unlikely to be the case here given the clonal nature of the ancestral population. Accordingly, we looked at the DVH-wt lineages for variations in phenotypic traits that may have affected both fitness and 34 ε. Increases in exponential growth rate accompany increased fitness but not increased 34 . Replicate experiments with the ancestral population established growth rates (k) in the early stages of growth from 3.6 to 4.6 day Ϫ1 , clustered around a mean of 4.2 Ϯ 0.4 day Ϫ1 (n ϭ 6) ( Fig. 5A and Table 1 ). Across all DVH-wt lines, these average early-stage growth rates increased to 4.8 Ϯ 0.7 day
Ϫ1
at generation 560 and to 5.5 Ϯ 0.5 day Ϫ1 at generation 927 ( Table  1 ). The consistency of these changes across each lineage is striking, as shown by a plot of the growth rate differences for each lineage from the start to the end of a selection interval (paired growth rate differences) against the paired fitness differences for that lineage across the same interval (Fig. 6A) . While fitness increases showed a nonlinear deceleration over the course of the adaptive evolution experiment, increases in early-stage growth rate appear to follow a more linear trajectory.
In principle, overall fitness could be enhanced by adaption to any of the four phases of density-regulated growth that accompany serial transfer in batch culture (57) . The competition assays accounted for the full range of possible fitness improvements, in both the low-density, nutrient-rich conditions that characterized the early phases of growth and the crowded, nutrient-poor conditions that came later. Measured increases in growth rate, however, were based on two OD measurements taken at the start and at the end of the isotope assay and only characterized the early stages of growth (7.5 to 10.5 h; see Table S1 in the supplemental material). We ran a real-time OD logging experiment in order to determine whether these measurements reflected a reduction in the duration of the lag phase or a true increase in exponential growth rates.
This experiment was run for a subset of the evolved lineages (lines WT-B, -D, and -E) at both generations 560 and 927 (Fig. 7) . In all cases, the slopes of the log-normalized OD 600 measurements for the evolved populations were steeper than those for the ancestral DVH, with the lineages at 560 generations (Fig. 7A) exhibiting slightly shallower slopes than the lineages at 927 generations (Fig.  7B ). This suggests that the growth rates measured during the isotope assays reflect changes in exponential growth rates alone rather than in some combination with changing lag times. We interpret these results to show that the evolved lineages at generations 560 and 927 possess heightened exponential growth rate relative to the ancestral population (Fig. 5A and 7A and B) . The evolved lineage A appears to be the sole inconsistency in this statement (Fig. 5A) . All other lineages evolved the ability to replicate at a higher rate than the ancestor during exponential growth. Adaptive effects at high population density may have been more important during the first selection interval than during the second, accounting for the lack of strict proportionality between exponential growth rate and fitness (Fig. 6A) . However, as was the case for DVH adapting to salt stress (24) or a mutualistic, non-sulfatereducing lifestyle with the archaeon Methanococcus maripaludis (25) , exponential growth rate appears to be a primary selective target for adaption during serial transfer of batch cultures of DVH.
Although exponential growth rates increased throughout the course of the experiment, 34 ε values did not. The same relative changes in growth rate (Ϸ0.5 to 0.6 day Ϫ1 ) over each selection interval were associated with opposite, and near equal, effects in 34 ε (Fig. 8A) . Despite the direct association of increased exponential growth rate with enhanced fitness during evolutionary adaptation, changes in S isotope fractionation do not appear to reflect simply the increased growth rates.
Exponential yield and respiration rates covary with fitness increases and 34 changes. Across the DVH-wt lines, cell yields during exponential growth increased slightly after the first selection interval and fell by a similar amount after the second (Fig.  5B) . Cell-specific sulfate respiration rates during exponential growth (csSRR), on the other hand, exhibited contrasting behav- ior, with minor changes over the first interval and large increases after the second (Fig. 5C ). The signal-to-noise ratio for determinations of yield is hampered by the small accumulation of H 2 S during the growth assays. One way to increase the reliability of these estimates would be to extend the growth assays over longer times. However, this approach changes our results only in detail (see Table S1 in the supplemental material). Since yield estimates over longer growth assay times consider a portion of the growth cycle where growth rate was not monitored, we used the initial estimates of yield for calculating csSRR and further analysis. Paired differences in yield show a consistent covariation with fitness, with the large fitness gains seen in each lineage over the first selection interval accompanied by increases in yield and the smaller fitness gains of the second interval associated with yield decreases (Fig. 6B) . As implicit in the definition of csSRR, decreased respiration rates are associated with the initial fitness increases that accompany increased yields (Fig. 6C) . Respiration rates increase over the second interval and are larger in magnitude than the respiration changes that came earlier (Fig. 6C) . One lineage (A) was a clear exception to these patterns, largely as a result of the atypically low exponential growth rates estimated for this population at generations 560 and 927 (Table 1) . However, lineage A has a fitness trajectory that is consistent with other lines and 34 ε values that are equivalent as well. We do not have an explanation for the atypical growth rate that we estimated.
Like fitness changes, paired differences in 34 ε show a systematic variation with exponential yield and csSRR ( Fig. 8B and C) . When yield changes were positive, 34 ε changes were positive; when yield decreased, 34 ε decreased (Fig. 8B) . Since exponential growth rates increased monotonically throughout the course of the adaptive evolution experiment (Fig. 5A) , variations in exponential csSRR are a reflection of those seen in yield. For the first selection interval, this led to decreased csSRR associated with positive changes in 34 ε, while the negative 34 ε changes over the second selection interval accompanied csSRR increases (Fig. 8C) . Again, lineage A showed behavior that did not fit these patterns.
Consequences of adaptive evolution for the S isotope phenotype. Over the last 60 years, great efforts have been made to understand the controls on isotope fractionation during dissimilatory sulfate reduction (26, 58, 59) , because a working knowledge of how environmental conditions affect S isotopes during DSR allows the reconstruction of past environmental conditions (7, 60) . Electron donor, temperature, and sulfate concentration all impose constraints on portions of the DSR metabolism and, in turn, affect the S isotope signature that is produced (1, 6, 7) . At high concentrations of sulfate, it is the rate of respiration of sulfate within a microbial cell that appears to explain a large portion of the isotopic selectivity. Increasing csSRR is observed to affect the magnitude of S isotope fractionation in a hyperbolically decreasing manner (8) (9) (10) (11) (12) (13) (14) . This behavior likely results from the enhanced production of respiratory enzymes with increasing csSRR, which leads to diminished isotopic sensitivity to csSRR (5) .
With this physiological response as a guide, our results suggest that the adaptive consequences on 34 ε recapitulate physiological ones within the optimization adaptive regimen in which we conducted our experiments. If a common mechanism is shared by the physiological and adaptive influences of csSRR, then the lineages in the evolution experiment likely saw beneficial mutations that changed protein expression levels rather than protein structure. This inference is consistent with experiments that directly test how adaptive optimization works at a molecular level, by first tuning protein expression (61) to weaken metabolic pathways that are not necessary and to enhance flux through pathways that are essential (62) . We might expect such a similarity between evolutionary adaptation and physiological acclimation, given the rapidity of these regulatory changes during adaptation and the languid occurrence of those that affect enzyme structure.
However, the interaction between evolutionary adaptation and the isotope phenotype is sure to be more complex than a simple resemblance to physiological acclimation. Some evolution-driven adaptations might influence genes that epistatically interact with genes affecting the isotope phenotype while others may not. If this is the case, then isotope phenotype and evolutionary adaptation may not be correlated in a broad sense but might be more contingent upon the development and optimization of particular functional traits (e.g., sulfate uptake, enzyme activity, and csSRR). If the isotope phenotype is correlated with specific traits, the expected trajectory of the isotope phenotype during instances of evolutionary adaptation may be able to be anticipated. A microbial evolution experiment that starts with a strain further from the fitness peak than the DVH-wt used here might be able to answer these questions. It also may point toward a way to reconcile evolutionary adaptation with the isotope phenotype and its preserved variation in the rock record.
Conclusion. This investigation shows that short-term evolutionary adaptation can affect the S isotope phenotype of sulfatereducing microorganisms. The dissimilatory sulfate-reducing bacterium Desulfovibrio vulgaris Hildenborough increased its growth rate during a simple microbial evolution experiment. Our experimental design led to mean fitness that always increased with time but at a decreasing rate, reaching improvements of ϳ20% after nearly Ϸ1,000 generations of selection. At the high growth rates of the experiment, fitness changes were directly correlated with changes in exponential growth rate. In contrast, growth rate did not appear to play a direct role in shaping the isotope phenotype.
Changes in 34 ε were consistent within a given selection interval, although they differed in sign, from slightly positive over the first interval to slightly negative over the second. These changes appeared to vary in concert with changes in cell-specific sulfate reduction rate and yield. A physiological control of cell-specific sulfate reduction rate on 34 ε is well known, with higher rates leading to lower 34 ε. We observed a similar inverse association between 34 ε and cell-specific sulfate reduction rate, leading to the possibility that adaptive effects on the sulfur isotope phenotype recapitulate physiological ones, at least at the high growth rates encountered here.
Because the initial growth rates of the ancestral DVH are high, evolutionary adaptation may have a weaker impact on the genes responsible for the expression of 34 ε than under other conditions conducive to lower initial growth rates. Since a common mechanism behind physiological and evolutionary change is gene expression, we hypothesize that evolutionary situations where fitness increases are directly hinged on increases in the physiology of sulfate reducers would promote higher respiration rates and lower 34 ε values. methodological assumptions behind our study. We acknowledge Jesse Colangelo-Lillis for assistance with counting cells and thoughtful comments on this paper and Nadia Mykytczuk and Rebecca Austin for their efforts in the development of the RT-PCR fitness assay.
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